Abstract. MicroRNAs (miRNAs) have a key role in the pathogenesis of pulmonary arterial hypertension (PAH), a disease characterized by enhanced proliferation and reduced apoptosis of pulmonary artery smooth muscle cells. In the present study, miR-760 was demonstrated to be downregulated in PAH lung tissues compared with normal lung tissues, an effect that may be associated with the development of PAH. Hypoxia is an important stimulus for human pulmonary artery smooth muscle cell (hPASMc) proliferation and the occurrence of PAH. Therefore, the effect of miR-760 in hypoxia-treated and normal hPASMcs was investigated. Expression of exogenous miR-760 decreased cell proliferation in hypoxia-induced hPASMcs, and promoted cell apoptosis with an increase in the BcL2 associated X/BcL2 ratio and the expression levels of caspase-3 and caspase-9. In addition, overexpression of miR-760 suppressed the migration of hPASMcs under hypoxic conditions. Furthermore, miR-760 was demonstrated to mediate its anti-proliferation effect via the regulation of toll-like receptor 4 (TLR4), a direct target of miR-760. The results revealed that knockdown of TLR4 restrained the hypoxia-induced hPASMc proliferation and induced cell apoptosis. The present study uncovered a novel regulatory pathway involving miR-760 and suggested that miR-760 may be explored as a potential therapy for PAH in the future.
Introduction
Pulmonary arterial hypertension (PAH), characterized by a progressive increase of lung vascular resistance and pressure, can gradually lead to death (1, 2) . The major pathological feature of PAH is structural remodeling of small pulmonary vessels, manifested by excessive human pulmonary artery smooth muscle cell (hPASMc) proliferation and migration, apoptotic resistance, accumulation of extracellular matrix and inflammatory responses (3, 4) . These remodeled vessels contribute to increased pulmonary vascular resistance, which strains and remodels the heart (5) . despite the understanding of these mechanisms, treating strategies for this disease are limited and survival has improved modestly (6) .
MicroR NAs (m i R NAs) a re a k ind of endogenous non-coding RNAs found in eukaryotes, with a size of ~20-25 nucleotides, which negatively regulate gene expression by targeting specific messenger RNAs (7) . A previous study has confirmed that miRNA-mediated gene expression is important in cardiovascular development (8) . The aberrant expression of miRNA has been involved in the pathobiology of PAH (9, 10) , with important roles in hPASMc proliferation, apoptosis and migration (11) . It has been reported that miR-4632 inhibits proliferation and promotes apoptosis of hPASMcs targeting Jun proto-oncogene (12) . Similarly, miR-17 is upregulated in hPASMcs treated with hypoxia and lung tissues of PAH patients, and acts as a potential regulator of proliferation and apoptosis in hPASMcs (13) .
miR-760, a biomarker of colorectal cancer, is significantly downregulated in colorectal cancer and correlated with patient clinicopathological features (14) . miR-760 also leads to epithelial-mesenchymal transition in breast cancer cells (15) . In the present study, the role of miR-760 in hPASMcs was investigated. hPASMcs, unlike cardiac and skeletal myocytes, can switch to a highly proliferative and migratory state under various stimuli, such as hypoxia and vascular injury (16, 17) . It was hypothesized that hypoxia-induced downregulation of miRNAs may target toll-like receptor 4 (TLR4), an innate and adaptive immune cell receptor of the pathogen recognition receptor family linking nonspecific immunity and specific immunity, and may contribute to enhancing hPASMc proliferation and migration. The present study reported for the first time that miR-760 levels were reduced under hypoxic conditions, and that miR-760 regulated hypoxia-induced hPASMcs proliferation, migration and apoptosis by targeting TLR4. These findings suggested that miR-760 may act as novel therapeutic target for PAH. 
Materials and methods

Acquisition of human lung tissues.
Human lung tissues were acquired from idiopathic PAH patients undergoing lung transplantation and from normal controls. This experiment was approved by the Ethics committee of Nanjing Medical University (Nanjing, china), and informed consent was obtained from all the participants prior to the study.
Cell culture and transfection. hPASMcs were isolated from 16 donors not suitable for lung transplantation with PAH, and isolated as previously described (18) . HPASMcs were cultured in SmBM medium supplemented with 5% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells were grown in 5% cO 2 at 37˚C. For induction of hypoxia, cells were cultured in a hypoxia incubator (Thermo Fisher Scientific, Inc.) with 3% O 2 , 5% cO 2 , and balanced nitrogen.
Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) reagent was used to transfect 100 ng of miR-760 mimics (forward, 5'-cGG cUc UGG GUc UGU GGG GA-3', reverse, 5'-Ucc cAc AGA ccc AGA Gcc G-3') and 100 ng of negative control (Nc) (forward, 5'-AcG UGA cAc GUU cGG AGA AUU-3', reverse, 5'-Ucc cAc AGA ccc AGA Gcc G-3') for 48 h at 37˚C, according to the instructions. Small interfering (si)RNA targeting TLR4 (100 ng) (forward, 5'-GGA cAG cUU AUA Acc UUA ATT-3', reverse, 5'-UUA AGG UUA UAA GcU GUc cTT-3') and siRNA control (forward, 5'-UUc Ucc GAA cGU GUc AcG UTT-3', reverse, 5'-AcG UGA cAc GUU cG GAG AATT-3') were transfected to hPASMcs to inhibit the expression of TLR4 for 48 h at 37˚C.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from human lung tissues and hPASMcs with the miRNeasy Mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's protocol. cdNA was generated from 2 µg pretreated RNA with iScript cdNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, cA, USA). QRT-PcR was performed using SYBR Premix Ex TaqII (Takara Biotechnology co., Ltd.) and amplification occurred under the following conditions: Initial 95˚c for 10 min, and 40 cycles of 95˚c for 15 sec, 55˚c for 30 sec, and 70˚c for 60 sec. The U6 small nuclear RNA gene was used as the internal control, using the 2 −ΔΔcq method (19) . Sequences of qPcR primers were designed using the Primer Express Software version 2.0 (Applera corporation, Norwalk, cT, USA) as follows: miR-760 forward, 5'-TAT TGc TTA AGA ATA cGc GTAG-3' and reverse, 5'AAc Tcc AGc AGG Acc ATG TGA T-3'; TLR4 forward, 5'-AAG TTA TTG TGG TGG TGT cTA G-3' and reverse, 5'-GAG GTA GGT GTT TcT GcT AAG-3'; U6 forward, 5'-AGA AGG cTG GGG cTc ATT TG-3' and reverse 5'-AGG GGc cAT ccA cAG TcT Tc-3'.
Immunofluorescence. hPASMCs were confirmed by immunofluorescence staining for α-actin and succinate receptor 1 (SUCNR1, also known as GPR91). Cells were fixed with 4% formaldehyde for 15 min at room temperature and incubated in 5% Tris buffered saline with Tween-20 diluted non-fat dry milk for 1 h. Immunofluorescence staining was performed using α-actin (ab5694; 1:500; Abcam, cambridge, UK) and GPR91 primary antibody (ab140795; 1:500; Abcam) incubation overnight at 4˚c, and Alexa Fluor 488 anti-rabbit IgG secondary antibody (ab150077; 1:1,000; Abcam) incubation at room temperature for 1 h. cells were incubated using dAPI for nuclear staining at room temperature for 30 min. Microscopic analysis was performed with a confocal laser-scanning microscope (Leica Microsystem GmbH, Wetzlar, Germany). For the EdU assay, EdU was added to the culture medium for 8 h. The cultured cells were then fixed with 4% paraformaldehyde for 20 min. Following incubation with 0.2% Triton X-100 to permeabilize the nuclear membrane for 10 min at room temperature, the cells were blocked with PBS containing 10% goat serum (Gibco; Thermo Fisher Scientific, Inc.) for 1 h at 25˚c. Then, hPASMcs were stained using the cell-Light EdU Apollo 488 In Vitro Imaging kit (Thermo Fisher Scientific, Inc.). For Ki-67 staining, following fixation, hPASMCs were incubated with Ki-67 antibody (ab156956; 1:1,000; Abcam) at 4˚c overnight and then stained with anti-rabbit immunoglobulin G antibody (ab150084; 1:2,000; Abcam) for 2 h at room temperature. Then, cells were incubated using dAPI for staining at room temperature for 30 min. Finally, cells were observed under a fluorescence microscope.
Cell proliferation assay. cell proliferation was assessed by cell counting Kit-8 (ccK-8) according to the manufacturer's instructions. The optical density (Od) at 450 nm was recorded on a Microplate Reader (Bio-Rad Laboratories, Inc.).
Flow cytometry analysis of cells apoptosis.
Apoptosis rates were evaluated by flow cytometry (FACSCalibur; BD Biosciences, San Jose, cA, USA) using an Annexin V-FITc Apoptosis detection Kit (Abcam) according to the manufacturer's protocol. Briefly, after transfection for 48 h, cells were harvested and 500 µl buffer, 5 µl fluorescein isothiocyanate (FITc)-Annexin V, and 5 µl propidium iodide (PI) were added. The fluorescence of the stained cells was then detected by flow cytometry and analyzed using Flowjo 7.6.1 (FlowJo, LLc).
Hoechst 33342 staining for apoptosis detection. After transfection for 48 h, cells were stained with Hoechst33342 (10 mg/ml) at room temperature in the dark for 20 min. cells were washed with PBS and evaluated using a fluorescence microscope.
Western blotting. Proteins extracted from hPASMcs using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Nanjing, china) were subjected to western blotting. Proteins were quantified using a Micro BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Total cell lysates (30 µg) were loaded in each lane and separated using 12% SdS-PAGE, and transferred to a polyvinylidene fluoride membrane. The membranes were then blocked with 5% skim milk solution at room temperature for 2 h, followed by overnight incubation at 4˚c with the appropriate primary antibodies, including anti-Bcl-2 antibody (ab32124; 1:1,000; Abcam), anti-Bax antibody (ab32503; 1:1,000; Abcam), anti-caspase-3 antibody (ab13585; 1:1,000; Abcam), anti-caspase-9 antibody (ab32539; 1:1,000; Abcam), GAPdH (ab8245; 1:2,000; Abcam). Then, membranes were incubated with the appropriate horseradish-peroxidase-conjugated IgG secondary antibodies for (ab97023; 1:5,000; Abcam) 1 h at 25˚c. The signals were detected using BeyoEcL Moon (Beyotime Institute of Biotechnology) and analyzed using Bio-Rad Laboratories Quantity One software 3.0 (Bio-Rad Laboratories, Inc.).
Wound-healing assay. Wound-healing assay was performed to evaluate the migration ability of hPASMCs. Briefly, cells (6x10 5 cells/well) were seeded in a 6-well plate and grown to 80-90% confluence. After aspiration of the medium, the center of cell monolayer was scraped with a yellow pipette tip to create a denuded zone of constant width. Wound closure was photographed at 0, 24 and 48 h with a Nikon inverted microscope (Nikon corporation, Tokyo Japan).
Transwell migration analysis. The transwell migration assay was performed using transwell chambers with 10 mm diameter and 8 µm pore size polycarbonate membranes (corning Incorporated, corning, NY, USA). A total of 200 µl cell suspension (10 5 cells) in serum-free medium was added to the upper chambers. The bottom chambers were filled with 500 µl medium supplemented with 20% FBS, and the cells were allowed to migrate for 24 h at 37˚C. Then, cells in the upper surface of the membrane were removed with a cotton swab. cells that had crossed to the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The migrated cells on the lower surface of the membrane filter (an average of five high-power fields per chamber) were counted with a light microscope.
Luciferase reporter assay. The wild-type or mutant 3' untranslated region (UTR) of TLR4 was cloned into the pGL3 vector (Promega Corporation, Madison, WI, USA), to confirm direct target association. The wild-type contained binding sites of TLR4 3'UTR with miR-760. cells (2x10 4 ) in each well were mixed in medium with 10% FBS and incubated for 48 h. miR-760 or negative precursor control were transfected into cells by employing Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc). After 24 h, Renilla luciferase reporter and firefly luciferase reporter were transfected into cells in 24-well plates. Luciferase activity was measured using a luciferase reporter assay (Promega corporation, Madison, WI, USA), whose results were normalized into Renilla luciferase activities according to the manufacturer's protocol.
Colony formation. cells were plated in 24-well culture plates at 1x10 4 cells/well. After incubation for 12 days at 37˚C, cells were fixed with 4% paraformaldehyde, and stained in 10% crystal violet. The number of colonies containing ≥50 cells was counted under a microscope.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. TUNEL assay was performed using an in situ cell death detection kit (Roche, Basel, Switzerland), following the manufacturer's instructions. Staining was observed using a light microscope (Nikon corporation). The ratio of apoptotic cardiomyocytes was presented as % of TUNEL-positive cells to total number of cells.
Statistical analysis. All quantitative data were expressed as the mean ± standard deviation (n=3). GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, cA, USA) was used to perform all statistical analysis. When only two groups were compared, Student's t-test was conducted. One-way analysis of variance followed by Tukey's post-hoc test was applied to compare differences between multiple groups. For correlation of miR-760 and TLR4 expression, the data was analyzed using Spearman's correlation. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-760 is downregulated in PAH lung tissues and hypoxia-induced hPASMCs.
Uncontrolled cell proliferation and reduced apoptosis of hPASMcs are the predominant factors of pulmonary remodeling (20) . To investigate whether the expression of miR-760 is associated with PAH, the expression levels of miR-760 were detected in PAH lung tissues using RT-qPcR analysis. The results demonstrated that the expression levels of miR-760 were significantly lower in PAH lung tissues compared with matched normal lung tissues (Fig. 1A) . Furthermore, hPASMcs were cultured in vitro, in order to analyze the expression levels of miR-760 in vitro. The identity of the isolated hPASMCs was confirmed by immunofluorescence staining for smooth muscle cell α-actin and GPR91 (Fig. 1B) (21) . Hypoxia is an important stimulus for hPASMc proliferation and PAH (22), therefore, the effect of miR-760 in hypoxia-treated and control hPASMcs was investigated. RT-qPcR analysis revealed that expression of miR-760 was dramatically downregulated in hypoxia-induced hPASMcs compared with the normoxic control (Fig. 1c) . These results suggested that downregulation of miR-760 may be involved in the pathogenesis of PAH.
miR-760 regulates hypoxia-induced hPASMC proliferation.
The expression of miR-760 was demonstrated to be downregulated in PAH tissues and hypoxia-induced hPASMcs, suggesting that miR-760 may function in regulating the proliferation phenotype of the pulmonary vasculature. To examine the functional role of miR-760, hPASMcs were transfected with miR-760 mimics, which resulted in a ~45% increase of miR-760 levels in hypoxia-induced hPASMcs ( Fig. 2A) . To explore the effect of miR-760 on hPASMcs proliferation, three different methods were employed: ccK-8, EdU incorporation and Ki-67 staining. The results demonstrated that the total number of hPASMcs notably increased when cells were in a hypoxic environment compared with the normoxic control, however, the miR-760 mimics dramatically suppressed the increase of cell numbers in the hypoxia-induced group compared with the blank group and the Nc group (Fig. 2B ). In accordance with the CCK-8 assay, hypoxia significantly increased the % of EdU positive cells and Ki-67 positive cells compared with the normoxic control, while transfection with the miR-760 mimics reversed this effect ( Fig. 2c and d) . These results suggested that miR-760 mimics dramatically reduced the hypoxia-induced hPASMc proliferation.
miR-760 regulates hypoxia-induced HPASMC apoptosis.
decreased apoptotic activity has been reported in hPASMcs from PAH patients (13) . To confirm the role of miR-760 on hypoxia-induced hPASMc apoptosis, the apoptosis rate was measured by flow cytometry. The results from flow cytometry analysis indicated that the number of apoptotic hPASMcs was remarkably decreased under hypoxic conditions compared with the normoxic control, while miR-760 mimics significantly promoted hypoxia-induced hPASMc apoptosis (Fig. 3A) . Furthermore, cell apoptosis was evaluated by morphological examination under fluorescence microscopy following Hoechst 33342 staining. Apoptotic cells exhibit nuclear chromatin condensation and dense staining gathered at the nuclear membrane with pyknosis or fragmentation of apoptotic bodies. The results demonstrated that hPASMcs were uniformly stained by the dye in the normoxic condition, indicating intact cell plasma membrane. However, transfection with the miR-760 mimics significantly promoted hypoxia-induced hPASMcs apoptosis and resulted in an increase of necrotic cells (Fig. 3B) . In addition, the TUNEL assay revealed that miR-760 mimics significantly promoted hypoxia-induced hPASMC apoptosis (Fig. 3c) . Finally, apoptosis-related proteins, including BcL2 associated X (Bax), BcL2 apoptosis regulator (Bcl-2), caspase-3 and caspase-9, were examined by western blot analysis. The results suggested that hypoxia resulted in a decrease in the Bax/Bcl-2 ratio and in the expression levels of caspase-3 and caspase-9 in hPASMcs, whereas this effect was ameliorated in the miR-760 mimics group (Fig. 3d) .
miR-760 modulates hypoxia-induced hPASMC migration.
Both PASMc proliferation and migration contribute to pathogenic pulmonary vascular remodeling in PAH (17) . In a wound-healing assay, the migration ability of hPASMcs clearly increased when cells were exposed to hypoxia compared with normoxic conditions (Fig. 4A) . However, overexpression of miR-760 mimics resulted in a reduction of cell migration induced by hypoxia (Fig. 4A) . In accordance with the wound-healing assay, a transwell experiment revealed similar results; miR-760 mimics suppressed the migration ability of hypoxia-induced hPASMcs (Fig. 4B) . This significant reduction in migratory capacity under hypoxic conditions suggests a potential important role of miR-760 during the process of pulmonary vascular remodeling.
TLR4 is a direct target of miR-760 in hypoxia-induced hPASMCs.
To gain novel insights into the molecular mechanisms underlying the function of miR-760 in modulating hPASMCs, the target of miR-760 was identified. TargetScan, a miRNA prediction software, was employed (23) . The results revealed that TLR4 was a binding target of miR-760 (Fig. 5A ). Luciferase reporter assays were then performed to confirm that miR-760 regulates directly the expression TLR4. An increase of luciferase activity was observed when cells were co-transfected with miR-760 mimics and mutant TLR4 3'UTR, whereas no change was observed in cells co-transfected with miR-760 and wild-type TLR4 3'UTR (Fig. 5B) . To determine whether miR-760 suppressed the expression of TLR4, RT-qPcR and western blot analyses were conducted. As illustrated in Fig. 5c and d, the mRNA and protein levels of TLR4 significantly increased under hypoxic conditions compared with the normoxic control, while overexpression of miR-760 dramatically decreased the mRNA and protein levels of TLR4. Taken together, these results indicated that TLR4 is a direct target of miR-760. 
Silencing of TLR4 suppresses hypoxia-induced hPASMC proliferation and induces apoptosis.
To investigate the effect of TLR4 on cell proliferation, the expression of TLR4 was silenced with siRNA. RT-qPcR and western blot analyses were performed to assess the transfection efficiency, and the results revealed that the mRNA and protein levels of TLR4 significantly decreased in the siRNA TLR4 group compared with the siRNA Nc group (Fig. 6A and B) . In addition, the expression of TLR4 in the hypoxia-induced group clearly increased, while silencing of TLR4 significantly ameliorated the effect (Fig. 6c) . Furthermore, silencing of TLR4 dramatically suppressed cell colony formation and promoted apoptosis in hPASMcs under hypoxic conditions (Fig. 6d  and E) . Finally, the transwell assay and wound-healing assay results indicated that silencing of TLR4 could ameliorate the hypoxia-induced increase of cell migration (Fig. 6F and G) .
The above results suggested that TLR4 is a direct target of miR-760, and that TLR4 inhibition could decrease cell proliferation and migration, as well as induce cell apoptosis in hypoxia-induced hPASMcs. Next, RT-qPcR and western blot experiment were performed to explore the expression of TLR4 in PAH lung tissues. The data confirmed that mRNA and protein levels of TLR4 were upregulated in PAH lung tissues compared with normal lung tissues ( Fig. 6H and I) . Furthermore, the relationship between the expression of TLR4 and miR-760 was investigated in PAH lung tissues, and the result indicated that the expression of TLR4 was inversely correlated with the levels of miR-760 (Fig. 6J) . 
Discussion
PAH is a chronic progressive and fatal disease (24) , which is characterized by a continuous increase in pulmonary vascular resistance and pulmonary arterial pressure, leading to right heart failure and death (25) . The pathogenesis of PAH is associated with inflammation, increased vascular tension and hPASMc proliferation, as well as resistance to apoptosis (4). The current available therapy options to improve long-term prognosis of PAH are limited (26) . The present study provided evidence of the role of miR-760 and its posttranscriptional regulation of TLR4 in the pathogenesis of PAH and highlighted its potential as a novel therapeutic target for PAH. As a well-known cause of PAH in patients, hypoxia has been widely used to generate animal or cell models of PAH (27) . Hypoxia-induced inflammation, excessive proliferation and inhibition of apoptosis in hPASMcs are involved in the pathological process of hypoxic PAH (28) . Previous research has reported that exposure of rats to hypoxia resulted in disruption of endothelial membrane integrity and hPASMc proliferation (29) . The present study demonstrated that hPASMc proliferation, as measured by ccK-8, EdU and Ki-67 assays, was dramatically increased when cells were in a hypoxic environment, while transfection with miR-760 mimics clearly ameliorated this effect. In multicellular animals, the morphology and function of organs are precisely regulated by cell proliferation, division and apoptosis, which are activated by extracellular factors (30) . Apoptosis is an important physiological process, which can cause the decrease of PASMcs and pressure of pulmonary artery (31) . The increase of proliferation and the decrease of apoptosis in PASMcs can enhance the thickness of the pulmonary arteriole wall, narrow the pulmonary artery lumen, and increase the pulmonary vascular resistance and the pulmonary arterial pressure (32) . In the present study, the results indicated that the number of .05 vs. blank. hPASMc, human pulmonary artery smooth muscle cell; NC, negative control; PI, propidium iodide; FITC, fluorescein isothiocyanate; Bax, BCL2 associated X; Bcl-2, BCL2 apoptosis regulator. apoptotic hPASMcs was remarkably decreased under hypoxic conditions, while miR-760 mimics significantly promoted hypoxia-induced hPASMc apoptosis. Bcl-2 gene family proteins are important regulatory factors of cell apoptosis, and they have crucial roles in the apoptosis pathway, including Bcl-2 and Bax. Bcl-2 is an inhibitor of apoptosis, while Bax promotes apoptosis (33) . The current results suggested that miR-760 mimics significantly increased the Bax/Bcl-2 protein ratio in hPASMcs induced by hypoxia. Migration of hPASMcs contributes to vascular remodeling in pulmonary hypertension (34) . The current data demonstrated that migration of hypoxia-induced hPASMcs was remarkably decreased in the miR-760 mimics group.
Toll-like receptors are an important class of proteins involved in nonspecific immunity, which also link nonspecific immunity and specific immunity. TLR4, a germline-encoded pattern recognition receptor, serves a vital function in inflammatory responses (35) . It has been reported that hypoxia decreases TLR4 expression and induces reactive oxygen species and Nox1/Nox4 in PASMcs (36) . In the present study, the results demonstrated that TLR4 was a direct target of miR-760 in hypoxia-induced hPASMcs, and silencing of TLR4 by siRNA could restrain hypoxia-induced cell proliferation and induce apoptosis. In addition, the expression of TLR4 was inversely correlated with the levels of miR-760 in PAH lung tissues.
In conclusion, the present study revealed that miR-760 may have an essential role in PAH, via regulation of TLR4.
Upregulation of miR-760 drastically inhibited hPASMc proliferation and migration, as well as induced hPASMc apoptosis under hypoxic conditions, by targeting TLR4. Further studies focusing on the functional interaction between miR-760 and TLR4 might contribute to the development of novel therapeutic targets for PAH.
